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Abstract: Overconsolidated (OC) soils may develop a low or negative pore pressure during PCPT.
Thus, it is challenging to develop an “on-the-fly” estimation of hydraulic conductivity from PCPT
results. This study presents a method to estimate the hydraulic conductivity of OC soils from PCPT
results based on a previously developed method for normally consolidated (NC) soils. To apply
the existing method, PCPT pore pressure in OC soils is adjusted by using a correction factor. An
equation for the correction factor is derived based on the concepts of critical state soil mechanics,
cavity expansion, and consolidation theories. Then, it was reformulated so that traditional cone
indices could be used as input parameters. It is shown that the correction factor is mainly influenced
by the cone tip resistance, pore pressure, and the rigidity index. The comparison of predicted, which
is based on corrected pore pressure and measured hydraulic conductivity showed a good match for
four well documented data sets. With the findings of the study, it is expected that an “on-the-fly”
estimation of hydraulic conductivity of overconsolidated soils is possible.
Keywords: hydraulic conductivity; overconsolidated soils; PCPT; correction factor
1. Introduction
Hydraulic conductivity is an important engineering parameter which is used in the
design and analysis of geotechnical tasks such as earth dams, dewatering tasks, slope
stability analyses [1]. Hydraulic conductivity may be commonly determined using either
laboratory or in situ tests. The piezocone penetration test (PCPT) is one of the in situ tests
that is becoming popular due to its versatility, reliability, repeatability, and cost efficiency [2].
Traditionally, PCPT-based estimation of hydraulic conductivity is performed using a
dissipation test. In a dissipation test, the penetrating probe is stopped at discrete depths
and dissipation of developed excess pore pressure is recorded at u1 (cone face) or u2 (cone
shoulder) locations, as shown in Figure 1 [2]. Then, the dissipation data is interpreted to
determine the hydraulic conductivity of soils [3,4]. However, this approach may require
a substantial testing time in low hydraulic conductivity soils and does not provide a
continuous profile of hydraulic conductivity [2,5].
Recently, “on-the-fly” techniques are becoming attractive [2,5–8]. These techniques
are quick and have a potential of providing continuous hydraulic conductivity pro-
files. Approaches, such as the volume dislocation method [7,9] and coupled theory of
mixtures [2,8,10] are frequently employed to predict the hydraulic conductivity of soils
“on-the-fly”. However, the applicability of “on-the-fly” techniques is somewhat limited to
normally consolidated (NC) soils. This may be partly due to the fact that measured excess
pore pressure in overconsolidated (OC) soils shows low (but positive) or negative pore
pressure depending on the overconsolidation ratio (OCR) [1,11,12]. Therefore, applying
the method developed for NC soils, may lead to incorrect results.
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obtained  the hydraulic conductivity equation, shown  in Equation  (1).  In  this equation, 
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Figure 1. Locations of u1 and u2 pore pressure measurements.
In this study, a previously developed method by Song and Pulijala [8] was elaborately
revised to be applied to OC soils without resorting to complicated numerical simulations.
Before applying this equation, pore pressure in OC soils is corrected. The correction is started
by converting OC soils to an equivalent NC soils using the concept of critical state soil
mechanics. Then, an equation for the correction factor was derived based on the concepts
of critical state soil mechanics, cavity expansion theory, and theory of consolidation. The
resulting analytical equation was reformulated using normalized cone indices so that the
technique is self-sufficient to compute the hydraulic conductivity of OC soils “on-the-fly”.
2. Previous Work and Proposed Revision for Overconsolidated Soils
Song and Pulijala [8] applied the coupled theory of mixtures to derive a relationship
between the hydraulic conductivity and excess pore pressure response in NC soils. Details
of the derivation of equation can be found in Abu-Farsakh et al. [10], and Voyiadjis and
Song [2]. The study used the modified cam clay (MCC) model to express the stress–
strain relationship while Darcy’s law was used to incorporate the pore water flow. After
conducting a parametric study with varying MCC model parameters, Song and Pulijala [8]
obtained the hydraulic conductivity equation, shown in Equation (1). In this equation,
excess pore pressure was taken at the cone face (u1 position). The graphical representation
of the equation for a case of κ = 0.01 is shown in Figure 2.
k = 1.75× 10−6
(
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Figure 2. Relationship betw en hydrauli conductivity and excess pore pressure at u1 positio in
soils.
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This study proposed a new method to extend the applicability of Equation (1) to OC
soils. The flow chart shown in Figure 3 provide a general description of the proposed
approach. First, a measured excess pore pressure at u2 location (the cone shoulder) in OC
soils is converted to an excess pore pressure that would be measured from equivalent NC
soils at u1 location using a logically derived correction factor. Then, the corrected excess
pore pressure is introduced in Equation (1) to obtain the hydraulic conductivity of OC soils.
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Figure 3. General description of the proposed approach.
3. Derivation of the Correction Factor
3.1. Concept of Equivalent Soils in NC and OC Conditions
For a saturated porous medium, the hydraulic con ctivity is a f nction of the void
ratio, specific surface (SS), clay content, and kine atic isc sit f t e ater [13]. The first
three vari bles are soil parameters while, the kinematic viscosity is the property of the wat r
and d pe s on the subsurface temp ratur [14]. For the same subsurface temperature
condition, the equivalent NC and OC soils should preserv the same void ratio, SS, and
clay content to have the same hydraulic conductivity. The void ratio is by the
in situ stress ta e, while the others are mostly depe f t e soils. A
relationship between the void ratio and confinin st fr the concepts of
critical state soil mechanics as shown in Figure 4. Accordingly, the magnitudes of confining
stresses of the equivalent NC and OC soils which ave the same voi re shown
in the figure. Note that σ′v,oc in Figure 4 is the in situ effective vertical stress in the OC
state (FL−2), σ′v,nc is the in situ effective vertical stress in the equivalent NC state (FL−2),
p′c is the preconsolidation pressure (FL
−2), and vo is the initial specific volume given as
vo = 1 + eo, where eo is the initial void ratio (dimensionless).
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Figure 4. Relationship between equivalent NC and OC soils.
By considering the equations of the loading, and unloading-reloading lines from the
critical state soil mechanics concepts [15], a simple relationship between the initial stress
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where OCR is an overconsolidation ratio (dimensionless), and Λ is plastic volumetric
strain ratio (dimensionless). OCR is the ratio between p′c and σ
′
v,oc, which is given as
OCR = p′c/σ
′
v,oc. Λ depends on the slope of the two lines and is given by Λ = 1− (κ/λ),
where λ is the slope of the loading line shown in Figure 4.
3.2. Definition of the Correction Factor
The correction factor is a dimensionless number used to convert u2 excess pore pres-
sure in OC soils to a u1 excess pore pressure in equivalent NC soils. Mathematically, it is
expressed as follows:
u1,nc = C|u2,oc|, (3)
where C is the correction factor (dimensionless), u1,nc is the corrected u1 excess pore
pressure in the equivalent NC soils (FL−2), and u2,oc is the measured u2 excess pore
pressure in OC soils (FL−2). An absolute value is taken in Equation (3) due to the fact
that u2,oc may become negative values for heavily OC soils. Furthermore, u1,nc may be
rewritten as:
u1,nc = ηuund1,nc, (4)
where, η is a partial drainage parameter that accounts effect of the hydraulic conductivity
(dimensionless), and uund1,nc is an undrained pore pressure response in the equivalent NC
soils (FL−2). η varies from 0 to 1 where 0 represents fully drained and 1 represents an





where, Cund is an undrained correction factor (dimensionless). The correction factor consti-
tutes composite correction for undrained response and partial drainage.
3.3. Expression for the Undrained Correction Factor, Cund
The magnitude of uund1,nc is estimated using an analytical solution derived based on
the cavity expansion theory [16] and the critical state concept (e.g., [15]). An approximate
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where cu is an undrained shear strength (FL−2), Ir,nc is a rigidity index (dimensionless),
which is given by Ir,nc = G/cu, where G is a shear modulus (FL−2). The undrained shear










where M is the slope of the critical state line in p′ − q axes (dimensionless), where q is
the deviator stress. In Equation (7), the vertical stress is used instead of the mean stress
assuming an isotropic condition. Combining Equations (2) and (5)–(7), an expression for





where C∗ = (2/3)M ln Ir,nc(1/2)
Λ. Average typical values of M = 1 and Λ = 0.7 are
assumed in the expression of C* [15,18]. From Equation (8), it is seen that the undrained
correction factor is primarily a function of OCR. The ratio σ′v,oc/u2,oc has been also used to
profile OCR from PCPT results [19].
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3.4. Expression for the Partial Drainage Parameter
The physical meaning of the partial drainage parameter is identical to the degree
of consolidation. An expression for this parameter was obtained using the generalized
concept of a radial consolidation theory. The solution to the radial consolidation consists
of Bessel functions with different orders. Direct use of the infinite summation solution
may end up in a complex partial drainage parameter. Therefore, a two-step simplification
process was adopted. First, the solution was approximated with an exponential decay
function, then, a linearization was performed to further simplify the equation. Exponential
decay curves with up to 97% goodness of fit were obtained, for example, for dissipation
curves reported in [3,20]. A unified exponential decay function of the form shown in
Equation (9) is used in the first step:
η = e−αT , (9)
where α is a constant (dimensionless), T is a modified time factor (dimensionless) [20]. The
modified time factor is obtained by dividing the standard time factor by the square root of







where c is a radial coefficient of consolidation (L2T−1), t is a consolidation time (T), and rc





where is an isotropic hydraulic conductivity (LT−1), is a constrained modulus (FL−2), is the
unit weight of water (FL−3). The second step involved a linearization of the exponential
function by dissecting the slope of the initial tangent line and finding the equation of the
line, as shown in Figure 5.
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After finding the tangent line from Equation (9), and substituting Equations (10) and (11),
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The partial drainage parameter is a function of the rigidity index, the geometry of the
cone, the time of consolidation, and the hydraulic conductivity.
3.5. Expressing Cund in Terms of Piezocone Parameters
To maintain real-time estimation of hydraulic conductivity, the undrained correction
factor shown in Equation (8) is expressed in terms of normalized PCPT parameters. These
parameters could be readily available during the test. Equation (13) shows the normalized
cone resistance, normalized friction ratio, and pore pressure ratio, which are among the











where Qt is the normalized cone resistance (dimensionless), Fr is normalized friction
ratio (dimensionless),Bq is the pore pressure ratio (dimensionless), qt is corrected cone
tip resistance (FL−2), is the local sleeve friction (FL−2), u2 is the excess pore pressure at
the cone shoulder (FL−2), and σv is the total vertical overburden pressure (FL−2). OCR
and Ir,nc, which are both required in Cund, are written in terms of the normalized cone
parameters in the following lines.
Using the normalized parameters, the OCR is expressed in terms of Qt, as follows [22]:
OCR = 0.33Qt,oc (14)
where Qt,oc is normalized cone tip resistance measured in OC soils. The rigidity index is
first estimated from the cone factor [23]. Then, the cone factor is expressed as a function of
the normalized friction ratio [24]. Combing the two steps, the rigidity index was expressed
in terms of the normalized friction ratio, as follows:
ln Ir,oc = 4.14 + 1.65 ln Fr,oc (15)
where Ir,oc is rigidity index in OC soils, and Fr,oc is the normalized friction ratio in OC
soils. The estimated rigidity index in OC soils from measured cone indices is converted to
a rigidity index of the equivalent NC soils. Making use of the condition that the failure
shear stress is the same for both the equivalent NC and OC soils [25] and, taking the shear
modulus corresponding to 50% of the failure shear stress [26], the equivalent NC and the








In Equation (16), when OCR = 1, the two rigidity indices will be the same.
Finally, combining Equations (8) and (14)–(16), Cund is rewritten in terms of the
normalized cone parameters, as follows:
Cund = 0.18 ln Ir,nc






where Bq,oc is the pore pressure ratio of OC soils. In Equation (17), it can be seen that Cund
is fully expressed in terms of parameters that correspond to OC soils.
3.6. Expressing η in Terms of Piezocone Parameters
To facilitate on-the-fly estimation, the partial drainage factor was expressed in terms
of normalized cone indices. Elsworth and Lee [7] did a notable study regarding a link
between normalized cone indices and hydraulic conductivity of NC soils. The relationship
is given as follows:









where U is the penetration speed (LT−1), Qt,nc is the normalized cone tip resistance of the
equivalent NC soils, and Bq,nc is the pore pressure ratio of the equivalent NC soils. For a
standard PCPT, the penetration speed is 2 cm/s and the radius of the cone is 1.90 cm. Qt,nc
and Bq,nc are converted to their respective values of Qt,oc and Bq,oc to express Equation (18)
in terms of OC soil parameters. Consequently, for an equal shear strength condition between
OC and equivalent NC soils, it is assumed that qt,nc − σv,nc ∼= qt,oc − σv,oc. Based on this
premise, and combining Equations (2), (3) and (13), the relationship shown in Equation (19)
is obtained:




The number 1.3 appeared in Equation (19) due to the need to convert u2,nc to u1,nc [23].
The constrained modulus, M is correlated with the net cone tip resistance following
Mayne [27], as follows:
M = 5(qt,oc − σv,oc) (20)
Finally, by combining Equations (12) and (18)–(20), the partial drainage parameter is
rewritten in terms of a normalized cone parameter, as follows:







It can be observed that Equation (21) is expressed in terms of parameters that pertain
to OC soils.
3.7. The Correction Factor and Estimation of αt
The correction factor is obtained by substituting the expressions in Equations (17)











In the determination of αt, the consolidation time must be small enough to mimic
instantaneous pore pressure response during PCPT. However, a discrete time must be used
in Equation (22) to complete the equation. In fact, consolidation time must be assumed as
very small in soils with a low rigidity index (those showing a rapid consolidation) while a
relatively higher value may be assumed in rigid soils (those showing a slow consolidation).
This explanation is only qualitative. Rather, a quantitative approach is favored to obtain the
correction factor. Therefore, an appropriate value of αt is estimated based on the requirement
that the quantity within the square root sign must not be negative and based on the fact
that the consolidation time is governed by soils with a least rigidity index. A typical least
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measured Bq,oc. Substituting Equation (23) in Equation (22), the complete correction
factor reads:
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From Equation (24), the correction factor is dependent on cone tip resistance, pore
pressure, and rigidity index. Particularly, the partial drainage parameter is a function of
rigidity index. Moreover, Equation (24) showed that, for the same input parameters, two
correction factors are possible. One correction factor is more than half of the undrained
correction and the other is less than half of the undrained correction. In heavily OC fine
grained soils, the measured pore pressure could be lower because of the dilatory responses
while, on the contrary, in sand soils, the measured pore pressure is low because of free
drainage. Therefore, higher correction factors are naturally expected in soils with dilatory
response and lower correction factors are expected in the free draining soils. Correction of
more than half of the undrained correction is assigned to the dilative soils and less than
half to the free draining soils. The normalized Soil Behavior Type (SBTn) chart is utilized to
differentiate sands from dilative fine-grained soils [28]. Thus, clean sands and silty sands
with SBTn index, Ic, ranging from 1.31 to 2.05 and Fr,oc < 1 are assigned a lower correction.
4. Estimation of Hydraulic Conductivity in OC Soils
Measured pore pressure is corrected using Equation (24) and substituted in Equation (1)
to estimate the hydraulic conductivity of OC soils.
k = 1.75× 10−6
(





Equation (25) may experience a singular condition when the hydraulic conductivity is
extremely low (corrected pore pressure is high). For such scenarios, a cut-off hydraulic con-
ductivity was set to 5 × 10−9 m/s [8]. Equation (25) involves several PCPT parameters and
measured pore pressure data (every 0.02 m depth). Therefore, to facilitate the computation



















Evaluate  ,   and   
Predict unit weight:  and void ratio 
Predict    using:       
Compute    using Equation (17) 
Compute    using Equation (17) 
  Compute SBTn index     
Obtain    profile by combining Equation (24) and (25) with cut‐off limit 5 × 10−9 
Figure 6. Steps used to compute hydraulic conductivity of OC soils from PCPT (predictions for unit
weight and κ are obtained from Robertson and Cabal [29] and Song and Pulijala [8]).
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5. Verification with Test Data from Different Sites
5.1. Lincoln, NE, USA
This site is located in the northwest of Lincoln, NE, USA [5]. It consists of glacial till
formation containing overconsolidated clays. The classification of soils showed that it is
predominately composed of clays with medium to high plasticity (with unified soil classifi-
cation of CL and CH). From a depth of 3 to 8 m, the clay-like layers contain traces of fine
sands which give rise to relatively higher hydraulic conductivities. The groundwater table
was observed at 3 m. Figure 7 shows the predicted and measured hydraulic conductivities.
Small square boxes indicted a range of measured hydraulic conductivities. The hydraulic
conductivity profile based on uncorrected pore pressures (for OC soils) is shown with a
dashed line. It can be noted that, after applying the correction, the hydraulic conductivity




























































Figure 7. Measured and estimated hydraulic conductivity profile for Lincoln, NE, USA site.
5.2. Cowden, UK
This site is located on the east coast of Britain, about 23 km north-east of Kingston
upon Hull [30]. The soil profile at this site is formed by glacial deposition. It is composed
of principally overconsolidated clay dominated tills with lumps of chalk and harder stones
with dimensions greater than 25 mm. These layers are separated by thin layers of silt,
sand, and fine gravel of varying extents. The tills are inorganics, well graded, dense and
with low activity. The OCR is reported to drop from 4 in the upper depth to 2 in lower
depths. The GWT was taken as 2 m. Figure 8 shows the hydraulic conductivity profiles
for this site before and after applying correction. The average hydraulic conductivity
reported for this site is 2.85 × 10−10 to 4.44 × 10−10 m/s [4] as shown in Figure 8. The
site showed a relatively uniform hydraulic conductivity profile with practically undrained
response. Comparable with the measured data, the predicted profile also show d the
cut-off limit (≤5× 10−9 m/s) for most part of the d pth except for intermittent layers of
sand and gravel.
5.3. Cheongna, Incheon, South Korea
This area is located in northwestern of South Korea, bordering Seoul and Gyeonggi
to the east [31]. It mainly consists of silty clay soil which is separated by sandy soils
from 6 m to 12.5 m. The clay layer is classified as CL with liquid limit ranging from
30 to 50%. OCR ranges from 0.62 to 5.50. The GWT was reported to be 1 m below the
ground surface. Figure 9 shows the hydraulic conductivity profiles for this site. Hydraulic
conductivity determined by oedometer was reported to vary on average from 4.82 × 10−10
Infrastructures 2021, 6, 32 10 of 13
to 8.96 × 10−9 m/s. The corrected profile closely agreed with measured hydraulic conduc-
tivity. A higher hydraulic conductivity is detected for sandy layer from 6 to 12 m consistent














































































































Figure 9. Measured and estimated hydraulic conductivity profile for Cheongna, Incheon site.
5.4. SR18, Indiana, USA
This area is situated near the west side of a bridge over bachelor’s run, on state road
18 in Carroll county, Indiana [32]. It mainly consists of slightly OC to NC clay-like silt
soil. The top clayey silt layer that exists up to a depth of 2.2 m is relatively stiffer than
that exit below 5.2 m. The GWT is reported to be about 4.5 m below the ground surface.
Average coefficient of consolidations determined from the oedometer test were reported at
7.7, 9.6 and 9.8 m depths as 0.00467, 0.0472 and 0.0691 cm2/s, respectively. Independently
evaluated constrained compressibility from the net cone tip resistance measurements were
used to pre ict the hydraulic conductivities of the soils. From these data, the hydraulic
c nductivities were compute as 1.50 × 10−8, 5.00 × 10−8 and 1.55 × 10−7 m/s at a depth
of 7.7, 9.6 and 9.8 , respectively. Figure 1 shows the measured and predict d ydraulic
conductivity profile. Generally, there is good agreem nt betwe n the two despites at
7.7 m there is a two-order diff rence. This may be at ributed to the fact that hydraulic
Infrastructures 2021, 6, 32 11 of 13
conductivities are estimated from oedometer test which provide predominantly vertical
























































Figure 10. Measured and estimated hydraulic conductivity profile for SR18, Indiana, USA site.
6. Summary and Conclusions
A method has been proposed for the estimation of hydraulic conductivity of OC soils
from PCPT results. A previously developed method for NC soils is revised to accommodate
OC soils. The nonstandard pore pressure in OC soils is adjusted using a correction factor.
The correction factor is formulated using the concepts of critical state soil mechanics, cavity
expansion, and consolidation theory. The resulting analytical equation is reformulated
using normalized cone indices so that hydraulic conductivity is estimated “on-the-fly”.
It is shown that the correction factor is comprised of an undrained correction and an
additional partial drainage parameter. Moreover, the correction factor is found to be mainly
a function of cone tip resista ce, friction ratio, pore pressure, a d the rigidity index of OC
s ils. Two possible correction factors may b applied for the same input parameters. One
is higher than half of the undrained correction and the othe is lower than the undrained
correction. In dilatory OC soils, since the por pressure is low, higher correction is applied,
whereas in sandy soils, lower corr ction is applied. T e SBTn index, which entirely relies
on PCPT parameters, is used to differentiate sands f om other types of soils.
Use of the proposed meth d on actual test d ta showed the necessity of applying
cor ction before predicting hydraulic conductivity. This was observed by the n ticeable
differences between profiles of hydraulic con uctivities before and after correctio . Com-
parison f post-correction estimated hydraulic conductivity with measured d ta from
different sit s indicated the promising appli ability of the proposed method. The estimated
hydraulic nductivity of OC soils b sed on PCPT data from USA, South Korea, and UK
was atisfactory with measured hydraulic conductivity. Finally, this m thod may be a
potentially viable option, particularly when one considers time, accuracy, and resolution of
estimation (per 0.02 m depth) at the same time.
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